The reaction Al + 0, --j AIO + 0 has been investigated by the method of laser-induced fluorescence. Excitation spectra are reported for AIO products formed under single-collision conditions in a "beam-gas" arrangement. The relative vibrational populations (proportional to total cross sections for formation), as well as the relative rotational populations for the v = 0 and v = I vibrational levels, are derived. The rotational distributions are found to differ significantly, with v = 0 having more rotational excitation than v = I. The vibrational distribution is non-Boltzmann, the falloff with v > I exceeding v = I compared to v = O. The observed internal state distributions are compared with those calculated from phase space theory. It is concluded tentatively that the partitioning of the Al + 0, reaction energy among the product modes is not governed solely by statistical considerations. The dynamics of the Al + O 2 reaction are compared with those of the exothermic Ba + 0, and endothermic K + O 2 reactions. From a knowledge of the AIO internal states populated by the Al + 0, reaction and from an estimate of the thermal reactant energies, a lower bound for the ground state dissociation energy of AIO is derived. By combining the present lower bound with the upper bound previously derived from observation of the onset of an AIO absorption continuum, the value D g(AIO) = 121.5 ± I kcallmole is recommended for aluminum monoxide. Direct measurement of the fluorescence decay of the AIO B '~t state as a function of time after excitation by the short (-5 nsec) laser pulse has allowed the determination of the radiative lifetimes T(V' = 0) = lOO±7 nsec, T(V' = I) = 102±7 nsec, and T(V' = 2) = 102±4 nsec, where the error estimates represent three standard deviations.
I. INTRODUCTION
Although the combustion of metals has long been a fruitful topic in chemical research, the gas-phase oxidation process M+ Oz -MO+ 0 is usually an endothermic reaction. Consequently, most combustion studies of metals involve heterogeneous reactions that are difficult to characterize. An important exception is the oxidation of aluminum atoms by Oz. Recently the kinetics of the homogeneous gas-phase reaction Al + Oz -AIO + 0 has been studied by Fontijn, Felder, and Houghton! in a fastflow reactor. They find that this reaction proceeds with a rate coeffi<;ient k of 3 ± 2 x 10-11 cm 3 molecule-! sec-1 which shows no measurable temperature variation over the range 1000-1700 oK. Thus to within their experimental error, Al + Oz has no activation energy. In addition, from the magnitude of k it appears that chemical reaction occurs for one collision in ten.
We report here the internal state distribution of the ground state AlO products formed when a beam of Al atoms traverses a scattering chamber filled with Oz gas at a pressure of less than 2X 10-4 torr ("beam-gas" arrangement) . z Under these conditions, the initial internal state distribution of the AIO product is collisionally unrelaxed and may be determined from laser-induced fluorescence excitation spectra. 3 The AlO B z:E+ -Xz:E+ bands, which lie in the blue green, are very convenient for this purpose. Knowledge of the internal state distribution, namely, the relative population (total cross section for formation) of the rotation-vibration levels of the AlOX state which are energetically acceSSible, provides information on the dynamiCS of this simple bimolecular reaction. Unfortunately, comparison of the experimental and theoretical internal state distributions (v', v) bands are noted. The unresolved P j and P 2 doublets of the (1,0) and (2, I) bands are denoted as P(N}. In addition, the location of the (1,0) Rj and R2 doublets, denoted R(N), are indicated. The spectrum was taken with the dye 7-diethylamino-4-methylcoumarin.
is also very reactive and the tantalum heater tube must be replaced after several runs. The aluminum beam enters the scattering chamber filled with O 2 at pressures of ::s 8X 10-4 torr ("beam-gas" arrangement) , and the AIO product is detected by laser-induced fluorescence. By comparison of experimental excitation spectra, it is found that collisional relaxation of the initial AIO internal state distribution is negligible at O 2 pressures ::s 3X 10-4 torr. Accordingly, excitation spectra are taken with Oz pressures of 2 x 10-4 torr or less (uncorrected ionization gauge readings).
A Molectron dye laser system (UV-300 nitrogen laser, DL-200 dye module, and home-built wavelength drive)4 is employed as the fluorescence excitation source. Dyes used are 7-diethylamino-4-methylcoumarin (bandwidth 0.15 A) for the AIO .6. v = v' -V=+ 1 sequence and CSA-22 6 (bandwidth 0.4 A) for the .6. v = -1 sequence. (Excited state quantum numbers are written with one prime, while ground state quantum numbers are denoted with no primes.) The laser beam intersects the Al beam; no angular distribution measurements have been made. At full laser power the effects of optical pumping on the excitation spectra 7 are clearly discernible: (1) The fluorescence intensity at a given wavelength is not linearly proportional to laser power and (2) the relative intensities of rotational lines from different (v', v) bands change with increasing laser power. In order to minimize optical pumping, the laser power is reduced using neutral density filters (Oriel) until no change in the relative intensities of different lines in the excitation spectrum could be discerned with further reduction in laser power.
Gated detection electronics are employed. Two different boxcar integrators are used for different aspects of this study. A PAR model 162 with model 164 plug-in is employed with gate width of 500 nsec (several times the AlO radiative lifetime) to obtain the excitation spectrum in the kinetic studies. The boxcar integrator and ni trogen laser are both triggered from a pulse generator, and the boxcar gate is opened -30 nsec before the laser pulse. A PAR model 160 is used with a 10 nsec gate width for measurements of the AlO B state lifetime. The boxcar time base is calibrated to better than 1% using a signal generator and digital counter. In both the kinetic and lifetime studies, repetitive scans are taken and the results averaged in order to compensate for the slow drift in time of the Al beam intensity. The beam intensity is monitored between scans by measuring the total AlO fluorescence with a wide (500 nsec) gate. A photodiode is used in the kinetic studies to measure the variation of laser intensity with laser wavelength, and the fluorescence Signal is normalized to a constant laser intenSity. In order to reduce the contribution of light from the Al oven to the signal, a blue Corning filter (4-97) is placed directly in front of the photomultiplier. This also eliminates the unwanted possibility of observing AlOB-A or A-X fluorescence but does not affect the AlOB-X fluorescence.
III. DETERMINATION OF AIO INTERNAL STATE DISTRIBUTION
The AlO B 2~ -X 2~+ band system is used for product state analysis of AlO produced by the Al + Oz reaction. Figures 1 and 2 present typical excitation spectra for the .6.v=+ 1 and -1 sequences, respectively. Figure 3 shows a continuation of the .6. v = -1 sequence, taken at five times higher laser power than for Fig. 2 (O,l) bandhead was recorded at a factor of 5 greater sensitivity, and the dye CSA-22 was used.
to 22 for the various (Vi, v) bands used), are prominent in the spectra. The experimentally resolved P branch members offer an opportunity to determine individual rotational populations. The P lines are actually unresolved doublets P 1 and P 2 • However, we assume that the chemical reaction populates the spin components J = N -t and J = N + t in the ratio of their degeneracies.
We have concentrated our attention on the c.v=+ 1 and -1 sequences because the Franck-Condon factors 9 are large and, more importantly, they do not change drastically with v. This last fact helps us to minimize the effect of optical pumping.
It is of great interest to determine whether the rotational distribution varies as a function of v level. We have used the resolved P lines of the (1,0) and (0, 1) bands to deduce the rotational distributions for molecules produced in the v = 0 and 1 levels. Distributions in higher v levels have not been obtained because of the a:: weakness of the bands and because of the interference from v=O and 1 bands (see Figs. 1-3 ).
The peak intensities of the P lines above the "background" are not directly proportional to the populations of their respective N levels for three reasons. First, the P lines at low N do not stand out above the R branch "background." In fact, we see that the P lines of the c.v = -1 sequence close to the band origin (see Fig. 2 ) cannot be resolved for N:'510 as a resultoftherelatively large laser bandwidth. Second, the peak heights at high N appear reduced in amplitude because of the splitting of the spin components which increases linearly with N. For example, at N = 50 the spin splitting amounts to about 0.69 cm-1 in the (1,0) band, causing the width of the line to be broadened and the peak height to be depressed. Finally, at low to intermediate N, R lines of high N go in and out of coincidence with the P lines.
However, we may determine correction factors by which the P line intensities must be multiplied in order to be proportional to populations. 10 This is accomplished in an iterative manner using computer-generated spectra. First a set of rotational populations (obtained from the peak heights) are assumed. Then the AlO line positionsl! are convoluted with a Gaussian bandwidth function having the experimental FWHM. The correction factors are then obtained by comparing the calculated P line intensities with the assumed rotational populations. Since these factors are somewhat dependent on the assumed populations, the latter are varied so that the calculated spectrum resembles closely the experimental spectrum. Once rotational populations have been obtained, it: is straightforward to deduce vibrational populations from relative band head intensities. For simpliCity, we assume the rotational distributions in the v> 1 levels are the same as in the v = 1 level. The deduced relative vibrational populations are tabulated in Table I . The populations cannot be fit to a vibrational temperature since the falloff at high v is much greater than that for v = 1 relati ve to v = O.
IV. RADIATIVE LIFETIME: dAIOB 2 ~+)
The dye laser has a pulse width of about 5 nsec. Hence it is possible to measure directly radiative lifetimes by observing the decay of the fluorescence Signal with time. Since the molecules are present in low concentration under collision-free conditions, this technique is free from most systematic errors, such as radiative tra.pping, quenching, and cascading, which have plagued. measurements of radiative lifetimes in the past. Recently we have determined radiative lifetimes to an accuracy of 10% for about 40 electronic states of the alkaline earth monohalides. 13 These measurements were carried out by photographing oscilloscope traces of the (v', v") i\ ( ~he error limits are ± 3(1 of the fits. 100",7 102,,7 102±4 fluorescence decay resulting from single laser shots. The present study of the AIO B 2~ lifetime is similar to our previous work but differs in that we use a boxcar integrator. As in the kinetics studies, the boxcar and dye laser are both triggered from a pulse generator. The boxcar gate is only 10 nsec wide and is swept in time through the fluorescence decay curve in a period typically of 15 min. Each portion of the plotted curve is then the average of the Signal from many laser shots. Figure 5 shows a typical scan of the fluorescence decay as a function of time. An exponential decay is at once apparent. Individual scans are analyzed to yield lifetimes T; and standard deviations aj by fitting the logarithm of the Signal vs time to a straight line. The effects of the finite photomultiplier risetime and boxcar gate width are minimized by ignoring the first 75 nsec of each scan. The individual Tj (6 to 10 in number) are averaged in a weighted manner to obtain lifetimes T for each v' level: Table II presents the values of T obtained for the v' = 0 to 2 levels of the AlO B state. In all cases, the laser wavelength is set to coincide with a bandhead, indicated in Table II . We believe we have measured the radiative lifetime of the AlOB state to an accuracy of a few percent. The variation of the lifetime with v' level is seen to be small compared with the experimental uncertainties.
The determination of absolute molecular radiative properties such as oscillator strengths and lifetimes is fraught with much difficulty and controversy. This is especially true for high-temperature reactive speCies such as AlO. Table III summarizes all known determinations of the AlOB-X (0, 0) oscillator strength. The experimental methods may be divided into two categories: (1) absolute intensity measurements, which require a knowledge of the AIO concentration, and (2) 
Main
15 have made absolute intensity measurements to determine faa. These measurements are extremely difficult and are subject to large systematic errors caused by uncertainties in the determination of the AlO concentration.
The fluorescence decay measurements of Wentink, Pederson, and Diebold, 16 Johnson, Capelle, and Broida,17 and the present work are inherently simpler in that no knowledge of the absolute AIO concentration is required. Instead, however, it must be ensured that the operating pressures are so low that radiation trapping and electronic quenching are negligible. In addition, all AlO B state moleCules must be produced in a time very short compared to the radiative lifetime so that the effects of cascade or colliSional excitation are inSignificant. Of the three fluorescence decay determinations, the radiative lifetime (272± 14 nsec) found from the laser blowoff study stands out by a factor of -2.5 from the other laser-induced fluorescence measurements. Evidently the criteria for the application of the direct fluorescence decay method is not well met for laser blowoff. Since we are not able to model the processes occurring in laser blowoff, we are unable to assess the source of the difficulty. The lifetime results for the v' = 0 level of Johnson et al. (128. 6± 6. 0 nsec) and of the present study (100± 7 nsec) are within 30% of one another, but they do not agree within their combined error estimates. Both studies involve excitation of AlO by a nitrogen laser pumped tunable pulsed dye laser, and in both cases the AlO is produced by the reaction Al + Oz. However, the work of Johnson et al. differs from ours in that (1) they observe the fluorescence decay from single laser shots on an oscilloscope and (2) their operating pressures are much higher. They find no change in the observed AlO radiative lifetime on varying the AlO density by a factor of 2 and on varying the gas pressure from 0.25 to 50 torr for He, 0.8 to 20 torr for N 2 • and 0.01 to 10 torr for Oz. They conclude that radiation trapping and electronic quenching of AlO 
V. DISSOCIATION ENERGY: Dg(AIO)
The determination of bond energies for high-temperature transient species has occupied the attention of investigators for many years. All known determinations of Dg(AlO) are summarized in Table IV, mole. In addition, it is possible to set lower bounds to bond energies from a study of chemical reactions under single-collision conditions, in which the products are state analyzed. In particular, Gole and Zare Z2 have placed the lower bound Dg(AlO):::: 118. 3± 1. 4 kcal/mole from the AIO chemiluminescence spectrum resulting from the Al + 0 3 reaction. In an analogous way, we may also set a lower bound from a study of the reaction Al + O 2 by laser-induced fluorescence. Indeed, we shall argue that our lower bound, combined with Drowart's upper bound, leads to an equality for Dg(AlO) with an uncertainty of only ± 1 kcal/mole. The dissociation energy Dg(AIO) is defined as the energy required to separate the AlO molecule in the lowest (v, J) level of the ground electronic state into con-stituent atoms in their lowest internal states. By choosing Ale p) + oe p) + 02(X3~; V = 0, J = 0) as the reference state, we obtain the equality -Dg(02) + E lnt (02) + Eh-ans = -Dg(AlO) + E lnt (AlO) + E{rans (1) from the application of energy balance to the reaction Al+0 2 -AlO+O. In Eq. (1) E lnt (02) and Elnt(AlO) are the internal energies of 02 and AlO, measured from their lowest energy levels, and Etrans and E{..ans are the initial and final relative translational energies, measured in the center-of-mass frame. 23 The quantity E{rans cannot be determined from the laser-induced fluorescence spectrum. If we neglect this term, we obtain the inequality
which provides a lower bound to Dg(AIO).
A. Calculation of the initial translational energy distribution
Because the AI beam is generated at high temperatures, the spread in E~rans is large, and its determination represents the major source of uncertainty in our lower bound to Dg(AlO). Previously several ways of estimating E: rans have been presented. 2,4022 We derive here the distribution of E{rans and then discuss what best value to use in Eq. (2).
In our experimental arrangement, an effusive Al beam passes through a static gas of 02' Let VI denote the velocity of an AI atom, and v 2 the velocity of an 02 molecule, in the laboratory frame. Then the relative velocity g (in the center-of-mass frame) is related to Vl and v 2 by (3) where (J is the angle between VI and v 2 (see Fig. 6 ). For the effusive Al beam, the beam density for velocities between VI and VI + dVI is24 aH. Lessheim and R. Samuel, Z. Phys. 84, 637 (1933) .
hn. Roy, Ind. J. Phys. 13, 231 (1939) .
is the reduced mass, the probability that Eiran. lies between E and E + dE is (8) where (9) We may obtain P(t) for any particular value go by substituting the velocity distributions i1 (V1) and i2(V 2 ) into Eq. (9), multiplying both Sides by a(l-g~), and integrating over all velocity space. For the particular distributions appropriate to a "beam-gas" arrangement [Eqs. (4) and (6)], we find (see the Appendix)
from which the energy distribution is determined to be (11) where
The quantity E" proves particularly useful for characterizing the relative translational energy distribution in a "beam-gas" arrangement. The average energy is given by E= f' Ep(E)dE=%E "" (13) while the most probable energy is given by (14) Moreover, the magnitude of E ot determines the rate of falloff of p(E) at high E. For many reactions, E", is much smaller than for Al+0 2 ; for example, E ot for Ba + O 2 is 0.9 kcal/mole, 4 while for Al + O 2 it is 2.0 kcal/mole. This factor of 2 change, which occurs in the exponent of p(E), is caused principally by the lightness of the Al atom. broad. For example, one collision in ten has more energy than 2£ = 6. 0 kcal/mole. This large spread becomes the main source of error in determining Dg(AlO). Care must be taken since collisions with large Eirans may be the mechanism for populating the highest AlO internal states seen.
In a preliminary analysis 2 of this data, E~rans was estimated to be 4.6 kcal/mole by assuming a head-on collision with Al and O 2 having their most probable velocities. This conservative estimate yields a lower bound of Dg(AlO) 2: 120. 6± O. 9 kCal/mole. A more satisfying estimate of E{ran. would seem to be to equate E~ranB with E = 3. 0 kcal/mole, since' this reaction appears to have no activation energy, 1 and it is this value which is used here.
B. Calculation of the AID dissociation energy
In evaluating the terms in Eq. (2), we take Dg(02) to be equal to 117. 97± 0.1 kcal/mole, 25 and we set E 1nt (02) equal to RT(02) , which is the average thermal energy of a diatomic rotor (vibrational excitation is negligible at room temperature). The only remaining unknown quantity in Eq. (2) is the internal energy of the AlO product, Etnt(AlO). We estimate this quantity from the AlO vibrational and rotational distributions presented in Table I and Fig. 4 . The identification of E{ranB with E requires that we find the highest internal state populated from collisions with relative translational energies E{rans ~ E, not from those collisions with E{rans > E.
Examination of the vibrational distribution (Fig. 5) shows that the v = 2 level appears to satisfy this condition, leading to the bound D8(AlO) 2: 119. 9 kcal/mole if we ignore the rotational excitation present in this vibrational level. On the other hand, the v = 4 level does not appear to satisfy these conditions, and its use yields Dg(AlO) 2: 125. 2 kcal/mole, which exceeds the upper limit placed by Drowart. 21 The intermediate choice, the v = 3 level, provides the estimate Dg(AlO) 2: 122. 6 kcal/mole, which almost coincides with Drowart's upper bound. Perhaps a superior choice can be made by taking into account the rotational excitation present in a vibrationallevel (Fig. 4) . If we assume that the V= 1, N= 50 level is the highest populated, we obtain Dg(AlO) 2: 121. 8 kcal/mole. Let us now revise the estimate from the v= 2 level to include rotational excitation. The (1, 2) and (3, 2) bandheads are clearly discernible in Figs. 1 and  2 , and the N value at the head is about 20. Assuming that the v = 2, N = 20 level is the highest populated, we find Dg(AlO) 2: 120. 7 kcal/mole. ConSidering the range of the lower bounds in which we have confidence and accepting Drowart's upper bound, we conclude that the AlO dissociation energy is This seems to be in excellent accord with the most recent mass spectrometric determinations by Farber, Srivastava, and Ur 6 and by Hildenbrand. 27 It will be possible in future experiments to reduce even further the uncertainty in D8(AlO) by velocity selecting the incident Al beam, thereby reducing the spread in the relative translational energy of the reactants. 
VI. A10+0 2 REACTION DYNAMICS
It is of considerable interest to compare the molecular dynamics of the Ai + O 2 reaction with other metal atom oxidation reactions. Two other M + O 2 systems which have been studied in detail show evidence for longlived collision complexes. Ham and Kinsey28 found that the angular distribution of elastically scattered K atoms from the endothermic K + 02 reaction exhibits a shoulder at large laboratory scattering angles superimposed on the normal rapid falloff of elastic scattering. This shoulder is interpreted as indicative of complex formation. The well-known 29 stable K+O a peroxide presumably provides a potential well in which the K and O 2 collision partners can be trapped.
The angular distribution of BaO formed from the exothermic Ba + 02 reaction shows the forward-backward symmetry (in the center-of-mass system) expected from reactive collisions involving long-lived complexes. 30 Loesch and Herschbach 31 point out that the long lifetime of the complex can be attributed to an attractive basin in the potential surface, which may be identiCal to the ionic Ba+O a free molecule inferred from matrix-isolation infrared studies. 32 The BaO internal state distribution from Ba + 02 has also been investigated. Using laser fluorescence detection, Dagdigian, Cruse, Schultz, and Zare 4 found that the BaO rotational distribution is in remarkable agreement with that predicted by phase space theory. 33 There are no angular distribution measurements available for the Al + 02 reaction that can provide information complementary to that obtainable from laser fluorescence studies. Moreover, no potential energy surface or classical trajectory calculations have been made for this system. Accordingly, we are led to compare the AlO internal state distribution with that calculated by phase space theory for a qualitative understanding of the reaction dynamics. While phase space theory makes no assumptions about the lifetime of the collision complex, the BaO results strongly suggest that when a longlived complex is involved, the excess energy of the M + 02 reaction is partitioned II statistically ... The application of phase space theory requires little detailed knowledge about the potential energy surface. The dissociation of the collision complex is assumed to be governed solely by the conservation of angular momentum and energy. As with the previous calculations 4 on Ba+0 2 and Ba+C0 2 , we take the long-range interaction energy for both reactant and product channels to be the sum of a Slater-Kirkwood dispersion term 34 and an induction term 35 of the form v(r) '" -C(S)r-6, and we assume there are no activation barriers. The parameters used and the resulting C(6) constants are listed in Table  V . The dissociation energy ng(AlO) is taken to be 122 kcal/mole, and the reactants are assumed to be in their lowest internal states.
Because of the large spread in the initial relative translational energy E!rans, two different ways of estimating an average E are used. The first and simplest means is to take the average value E = 3. 0 kcal/mole calculated earlier (Sec. V A). The solid curves in Fig.  S illustrate the rotational distributions calculated by phase space theory for AlO molecules formed in the v= 0 (a) and v= 1 (b) levelS, for this choice. Comparison with the experimental results in Fig. 4 reveal that the experimental and calculated distributions differ significantly and that the calculation predicts too much rotational excitation. A superior way of accounting for the spread in E is to calculate the internal state distribution for'several values of E{rans and then to average in a weighted manner. We have calculated the cross sections Dagdigian, Cruse, and Zare: AIO formed in Al + O 2
(JvN for formation of the AIO (v, N) level at E = 1, 3,5,7, and 9 kcal/mole. The dashed curves in Fig. S represent the weighted average (16) where the weight w(Ej) is the probability p(E) averaged over a 2 kcal/mole wide interval centered on Ei :
By substituting for p(E) the expression given in Eq. (11), we find
where Ea is defined as in Eq. (12). It can be seen that these thermally averaged calculations agree more closely with the experimental results. The v= 1 distributions are very similar to within the expected experimental uncertainties, while the calculations still predict significantly more rotational excitation than is observed for the v = 0 level.
A thermally averaged vibrational distribution has also been calculated from phase space theory. Table I shows that the Nl/N o ratio is predicted rather well but that the calculated distribution falls off too rapidly with increasing v. The discrepancies in the v = 0 rotational distribution and the vibrational distribution suggest that the Al +0 2 reaction energy is not distributed entirely" statistically" among the various AlO degrees of freedom. At first glance, this may seem surprising in view of the fact that Al0 2 is a stable hightemperature species. Based on the investigations of the Ba + Oa reaction, 4.30 we expect statistical behavior to be correlated with a long-lived complex. However, AlO a is expected to have a linear O-Al-O structure, in analogy to the ground state structure of B0 2 • a6 Thus, we believe that the Al + Oa reaction does not proceed through the O-AI-O intermediate because it would be very difficult for the reactants to reach this attractive well. Although the molecule Al-Oa may have bound states, the nonstatistical product distribution suggests that the AI + Oa reaction most probably proceeds, at least in part, by a direct mechanism. These tentative conclusions can be tested by measurement of an AlO angular distribution and by further laser fluorescence studies using a velocity-selected Al beam to narrow the spread in the initial translational energy.
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APPENDIX: DERIVATION OF THE RELATIVE SQUARED SPEED DISTRIBUTION FOR A BEAM-GAS ARRANGEMENT
Here we outline explicitly the steps necessary to derive Eq. (10) The integration over va is carried out using the identity 
We obtain, after some algebra, The integration over VI may then be recognized as a
